This paper investigates the effect of 0.05 wt.% Ni on the formation and growth of primary Cu 6 Sn 5 in Sn-0.7 wt.%Cu solder paste soldered on a Cu substrate, using a real-time synchrotron imaging technique. It was found that small additions of Ni significantly alter the formation and growth of the primary Cu 6 Sn 5 intermetallics, making them small. In contrast, without Ni, primary Cu 6 Sn 5 intermetallics tend to continue growth throughout solidification and end up much larger and coarser. The primary effect of the Ni addition appears to be in promoting the nucleation of a larger amount of small Cu 6 Sn 5 . The results provide direct evidence of the sequence of events in the reaction of Nicontaining Sn-0.7 wt.%Cu solder paste with a Cu substrate, and in particular the formation and growth of the primary Cu 6 Sn 5 intermetallic.
INTRODUCTION
Electric and electronic devices have rapidly become more advanced and denser, necessitating stronger and higher-reliability interconnects and advances in solder materials. Among commercially available lead-free solders, Sn-0.7 wt.%Cu solder systems have been widely used in wave soldering due to their availability and low cost.
1,2 However, Sn-0.7 wt.%Cu has poor mechanical properties, being prone to brittle intermetallic compound (IMC) growth and formation of large primary g-Cu 6 Sn 5 in the solder matrix and a thick interfacial IMC layer consisting of g-Cu 6 Sn 5 and e-Cu 3 Sn, which can lead to serious reliability concerns. 3 Due to this disadvantage, research has been undertaken on the microalloying effects of several elements in the SnCu solder system, including Ni, [4] [5] [6] [7] [8] Zn, 6 Bi, 9 In, 10 and Al. 11, 12 These microalloying studies have been carried out to improve the mechanical properties of solder joints. Within the range of alloys developed, the near-eutectic composition Sn-0.7 wt.%Cu with $0.05 wt.% Ni has been used in industry since 1999. 13 Yoon et al. 14 investigated the growth of interfacial Cu 6 Sn 5 in Sn-Cu-Ni solders after thermal aging and identified that the interfacial intermetallic compound (IMC) activation energy can be considered low compared with the activation energy of interfacial IMC in binary Sn-Cu solders. In another study, Yang et al. 7 reported that, with Ni additions to Sn-0.7 wt.%Cu, the growth of Cu 3 Sn interfacial IMC was suppressed, which also resulted in the formation of fine, needle-like (Cu,Ni) 6 Sn 5 at the solder-substrate interface. In addition, the reported effects of small additions of Ni to Sn-0.7 wt.%Cu solder alloys have included better fluidity, 15 alterations to the eutectic composition and 18 However, most of these investigations on IMC formation in Sn-Cu and Sn-Cu-Ni solder systems were ex situ experiments and focused on the interfacial IMC rather than the primary IMC that forms in the solder matrix prior to b-Sn nucleation.
Previous research has used synchrotron radiography to directly image (i) the solidification of primary Cu 6 Sn 5 intermetallics in bulk solders (without a substrate) 19, 11, 20 and (ii) the intermetallic reaction layer. 21 Recently, we successfully developed 22 a synchrotron-based in situ method to observe, in real time, the entire soldering process of a solder paste on a Cu substrate, including the solid-liquid-solid transition to provide understanding of real-time primary intermetallic growth. In this study, we used this technique to observe the soldering of Sn-0.7 wt.%Cu and Sn-0.7 wt.%Cu-0.05 wt.%Ni solder paste on a Cu substrate in order to investigate the influence of Ni addition on the formation and growth of the primary Cu 6 Sn 5 intermetallic.
EXPERIMENTAL PROCEDURES
Real-time observation experiments were performed at the BL20XU beamline of the SPring-8 synchrotron using the solidification observation setup developed in previous research. [22] [23] [24] The parameters were chosen to allow a high degree of coherence, absorption contrast, and phase contrast, enabling boundaries in the sample to be observed on transmission images. The collected image signals were then converted into a digital format of 2000 9 2000 pixels at a 1 mm 9 1 mm field of view, Effect of Ni on the Formation and Growth of Primary Cu 6 Sn 5 Intermetallics in Sn-0.7 wt.%Cu Solder Pastes on Cu Substrates During the Soldering Process giving a resolution of 0.477 lm per pixel. A planar undulator was used as a light source, and the radiation was monochromatized with Si doublecrystal monochromators. An exposure time of 1 s per frame was used to capture the images. To mimic the process of reflow soldering, a furnace with graphite heating elements where heat is transferred through radiation in an enclosed sample chamber was used (Fig. 1a) . The sample position and sample cell configuration are shown in Fig. 1b , and each sample of either Sn-0.7 wt.%Cu or Sn-0.7 wt.%Cu-0.05 wt.%Ni solder paste supplied by Nihon Superior Co. Ltd. had an average solder sphere size of 35 lm and was placed vertically on a thin, 100-lm Cu substrate. The observation window area of 10 mm 9 10 mm with a vent for flux outgassing was made by using a 100-lm-thickness polytetrafluoroethylene (PTFE) sheet placed between two SiO 2 plates. Samples were set to be heated from room temperature to approximately 250°C at 0.33°C/s and held for 30 s before cooling down at approximately 0.33°C/s. The soldering temperature profiles for the experiments are shown in Fig. 1c . Experimental time from 0 s was determined from the point of solder melting at 227°C.
The size of primary intermetallics on Sn-0.7 wt.%Cu and Sn-0.7 wt.%Cu-0.05 wt.%Ni solder pastes on Cu substrates was measured using ImageJ software. Synchrotron radiography images were then processed by using a threshold method 25 to obtain an accurate measurement. Several primary intermetallics of each solder alloy were chosen for measurement as indicated in Fig. 2 . After synchrotron in situ observation, samples were polished and scanning electron microscopy (SEM) images were obtained using backscattered mode. Energydispersive x-ray spectroscopy (EDS) point analysis and mapping were conducted to observe the Ni and Cu distribution.
To help with the analysis of the results, an additional experiment was performed to test whether any solid phases are present at the peak temperature of 250°C. Approximately 200 g of Sn-0.7 wt.%Cu-0.05 wt.%Ni solder paste was heated to 250°C until all flux was removed. The sample was then poured into a borosilicate glass test tube to produce a cylindrical sample 18 mm in diameter. This was then held vertically at 250°C for 24 h before being abruptly quenched in water. The microstructures of the top and bottom of the sample were then studied to explore whether any particles had settled or floated under gravity at 250°C. Figure 3 reveals the real-time observations of reactions between Sn-0.7 wt.%Cu solder paste and the Cu substrate at nine experimental times. From the observations, Sn-0.7 wt.%Cu solder paste which contains solder spheres and flux starts to transform to a more viscous suspension (Fig. 3a) at approximately 227°C, and the solder spheres contained in the suspension fully melt after a few seconds, as seen in Fig. 3b . The liquid Sn-0.7 wt.%Cu then immediately wets the Cu substrate, followed by the formation of interfacial Cu 6 Sn 5 IMC. From Fig. 3c , it can be seen that, at the moment the molten solder contacts the solid Cu, an intermetallic layer of significant thickness forms, while molten solder flows onto the Cu substrate. During the reflow soldering process, solder voids can be observed, as seen in Figs. 3 and 4 , due to the flux outgassing process. Effect of Ni on the Formation and Growth of Primary Cu 6 Sn 5 Intermetallics in Sn-0.7 wt.%Cu Solder Pastes on Cu Substrates During the Soldering Process After a peak temperature of 250°C for 30 s, the solder was then cooled down. During cooling ( Fig. 3d and i) , primary rod-shaped Cu 6 Sn 5 intermetallics nucleated at 110 s to 120 s experimental time, at approximately 244°C to 240°C. The large primary rod-shaped Cu 6 Sn 5 continued to grow during cooling before solidification was complete. Figure 4 reveals the real-time observation of the reaction between Sn-0.7 wt.%Cu-0.05 wt.%Ni solder paste and the Cu substrate at experimental times of (a) 0 s, (b) 4 s, (c) 22 s, (d) 34 s, (e) 119 s, (f) 123 s, (g) 132 s, (h) 141 s, and (i) 147 s. From the observations, the solder spheres and flux start to transform to a more viscous suspension (Fig. 4a) at approximately 227°C, and the solder spheres contained in suspension tend to fully melt after a few seconds. The liquid Sn-0.7 wt.%Cu-0.05 wt.%Ni then immediately wets the Cu substrate, and interfacial Cu 6 Sn 5 IMC formation occurs (Fig. 4c) . From the synchrotron image sequences, small preexisting primary (Cu,Ni) 6 Sn 5 particles approximately 8 lm in length were observed before the peak temperature during heating, for example, at 34 s experimental time at 239.9°C in Fig. 4d . Within the resolution of imaging, the preexisting (Cu,Ni) 6 Sn 5 could only be clearly observed when they were being pushed by an adjacent void, and it is not possible to conclude on whether these preexisting particles completely melted or not from the imaging. Later in this section, it will be shown that (Cu,Ni) 6 Sn 5 particles are stable at 250°C in Sn-0.7 wt.%Cu-0.05 wt.%Ni. During cooling from the peak temperature (Fig. 4e-i) , new primary (Cu,-Ni) 6 Sn 5 intermetallics nucleate and grow to a scale of a few tens of lm in length at 92 s to 147 s experimental time, at approximately 250°C to 238°C. Note that primary Cu 6 Sn 5 form earlier (at higher temperature) in Sn-0.7 wt.%Cu-0.05 wt.%Ni/Cu joints than in Sn-0.7 wt.%Cu/Cu joints, as shown in Fig. 1c and d . Similar to the large Cu 6 Sn 5 rods observed on Sn-0.7 wt.%Cu/Cu, the new primary (Cu,Ni) 6 Sn 5 intermetallics tend to nucleate and grow with increasing time during cooling before tin nucleation. Due to the density difference with the liquid, these small (Cu,Ni) 6 Sn 5 intermetallics tend to settle down at the interface between the molten solder and Cu substrate. However it is clear that these particles do not form at the substrate but in the bulk of the solder.
RESULTS
A key finding in this work is that the primary Cu 6 Sn 5 are significantly smaller and more numerous in Sn-0.7 wt.%Cu-0.05 wt.%Ni/Cu than in Sn-0.7 wt.%Cu/Cu, as can be seen by comparing (Figs. 2, 3i, and 4i) . In  Fig. 5 , the evolution of primary Cu 6 Sn 5 intermetallics in Sn-0.7 wt.%Cu and Sn-0.7 wt.%Cu-0.05 wt.%Ni during cooling is plotted. Noting the different axis limits, it is obvious that the sizes of primary Cu 6 Sn 5 intermetallics in Sn-0.7 wt.%Cu-0.05 wt.%Ni are smaller compared with Sn-0.7 wt.%Cu, with area size of approximately 150 lm 2 to 350 lm 2 and 1300 lm 2 to 1800 lm 2 , respectively. As in Fig. 5a , the primary Cu 6 Sn 5 intermetallic in Sn-0.7 wt.%Cu tends to continue to grow until the tin nucleates, while in Sn-0.7 wt.%Cu-0.05 wt.%Ni, the growth of some rods is restricted before tin nucleates. Several studies have shown that a smaller size of primary IMCs in the matrix could strengthen the solder mechanically by pinning dislocation glide. 26, 27 In contrast, larger brittle primary IMCs could promote crack initiation in a solder joint. 27 Subsequent to the in situ observation, samples were taken out from the experimental sample cell and prepared for further metallographic observations including SEM coupled with EDS. Figure 6 shows the Sn L and Cu K maps of regions containing primary and interfacial Cu 6 Sn 5 in Sn- 0.7 wt.%Cu/Cu. It can be clearly observed that the Cu K distributions are associated primarily with the large rod-shape primary Cu 6 Sn 5 and the interfacial IMC layer of Sn-0.7 wt.%Cu. Figure 7 shows the distribution of Sn L, Ni K, and Cu K of Sn-0.7 wt.%Cu-0.05 wt.%Ni/Cu, which shows that Ni is present in the Cu 6 Sn 5 reaction layer as (Cu,Ni) 6 Sn 5 . It is not clear if there is any Ni in the primary Cu 6 Sn 5 from the EDS mapping, but the EDS point analysis in Table I confirms that Ni is present in both the primary Cu 6 Sn 5 and interfacial Cu 6 Sn 5 with $2 at.% Ni and $3 at.% Ni, respectively.
To further investigate the preexisting (Cu,Ni) 6 Sn 5 primary phase observed on heating near the peak reflow temperature in Sn-0.7 wt.%Cu-0.05 wt.%Ni/ Cu joints (e.g., Fig. 4d ), an experiment was conducted holding the molten solder at 250°C for 24 h and subsequently quenching the sample in water. Figure 8 shows the bottom of a quenched sample after 24 h at 250°C. A layer of particles can be seen clearly, and these were found to be (Cu,Ni) 6 Sn 5 containing $15 at.% Ni by EDS analysis (Table I) . At 250°C, the density of (Cu,Ni) 6 Sn 5 is $8180 kg m À328 whereas that of liquid tin is 6980 kg m À3 , 29 so gravity concentrated the (Cu,-Ni) 6 Sn 5 particles in a layer at the bottom. Note that the whole sample is approximately eight times taller than the region shown and that the volume fraction of (Cu,Ni) 6 Sn 5 particles at 250°C is actually very low. This result is in reasonable agreement with the Thermo-Calc prediction using the TCSLD v.3 database. 30 It predicts that, at equilibrium at contrast to Sn-0.7Cu which is hypoeutectic (in the bSn primary phase field).
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DISCUSSION
A key finding in this work is that primary Cu 6 Sn 5 form at higher temperature and are significantly smaller and more numerous in Sn-0.7 wt.%Cu-0.05 wt.%Ni/Cu joints than in Sn-0.7 wt.%Cu/Cu joints.
In both samples at the early stages of molten solder reacting with the Cu substrate, there is a rapid reaction with the Cu substrate and the quick formation of an interfacial IMC layer. The formation of g-Cu 6 Sn 5 interfacial IMC becomes possible after the Cu substrate/liquid solder interface becomes supersaturated in Cu. For Sn-0.7 wt.%Cu this requires Cu dissolution to the binary liquidus composition at T = 250°C, which is $1.2 wt.% Cu. 30 In contrast, Sn-0.7 wt.%Cu-0.05 wt.%Ni is already saturated in Cu at 250°C, as demonstrated in Fig. 8 , which is most likely the reason for the earlier formation of primary Cu 6 Sn 5 in Sn-0.7 wt.%Cu-0.05 wt.%Ni/Cu joints. Figure 8 shows that Sn-0.7 wt.%Cu-0.05 wt.%Ni (without a Cu substrate) is a mixture of liquid and (Cu,Ni) 6 Sn 5 at 250°C. Therefore, primary (Cu,-Ni) 6 Sn 5 is not expected to fully melt during reflow soldering, which is consistent with the observations; For example, Fig. 4d shows some primary (Cu,-Ni) 6 Sn 5 preexisting before the peak temperature at 250°C. On cooling, some new primary (Cu,Ni) 6 Sn 5 probably grow from these preexisting (Cu,Ni) 6 Sn 5 particles rather than nucleating from the liquid. This indicates that the size of primary (Cu,Ni) 6 Sn 5 particles in the original paste will affect the size of primary (Cu,Ni) 6 Sn 5 during solidification on cooling from the peak temperature. Since the powder in solder paste is made by atomization (at a high cooling rate), the primary (Cu,Ni) 6 Sn 5 in the powder is small, which is probably one reason why the primary (Cu,Ni) 6 Sn 5 particles in Sn-0.7 wt.%Cu-0.05 wt.%Ni/Cu joints are smaller than in Sn-0.7 wt.%Cu/Cu joints, where all primary Cu 6 Sn 5 must nucleate from the liquid.
A further factor that is expected to affect the size of primary Cu 6 Sn 5 in joints is the influence of dilute Ni addition on the shape of the Sn-Cu-Ni phase diagram. During soldering to Cu substrates, Cu dissolution will increase the Cu content of the liquid to a composition where the liquid is in equilibrium with the Cu 6 Sn 5 interfacial reaction layer. For binary Sn-0.7 wt.%Cu/Cu joints, this is the liquidus composition at T = 250°C, which is $1.2 wt.% Cu.
30
For Sn-0.7 wt.%Cu-0.05 wt.%Ni/Cu joints, Fig. 8 shows that the liquid composition is already in equilibrium with (Cu,Ni) 6 Sn 5 at 250°C, but further 30 Previous work has shown that composition changes that significantly increase the liquidus slope (while keeping the partition coefficient near-constant) lead to grain refinement. 31, 32 In particular, grain refinement occurs when the growth restriction factor,
, is increased (where DT s is the solute undercooling, T is the liquidus temperature, and f s is the fraction of solid). 33, 34 A higher Q requires a larger amount of heat to be removed per increment of solid fraction developed in the early stages of growth, which restricts crystal growth and also increases the degree of constitutional supercooling in the liquid ahead of the Cu 6 Sn 5 crystals in which further nucleation events can occur. Thus, the steepening of the Cu 6 Sn 5 liquidus surface due to dilute Ni additions is likely to be a factor in the observed grain refinement of primary Cu 6 Sn 5 in Sn-0.7 wt.%Cu-0.05 wt.%Ni/ Cu compared with Sn-0.7 wt.%Cu/Cu joints.
It is possible that differences in the diffusion of Cu into the liquid also play a role. In Sn-0.7 wt.%Cu-0.05 wt.%Ni solder, the interfacial Cu 6 Sn 5 is finer needle-like-shaped g-Cu 6 Sn 5 7 with a larger grain boundary area, providing a large area of molten solder in contact with the initial interfacial IMC (compare, e.g., Figs. 6b and 7b ). This contrasts with Sn-0.7 wt.%Cu solder, where scallop-shaped g-Cu 6 Sn 5 interfacial IMCs are known to form 7 with a smaller grain boundary area in contact with molten solder. With a larger grain boundary area in contact with the molten solder, Cu atoms diffuse faster. As a result, the Cu concentration from the solder matrix and a faster Cu atom diffusion from the Cu substrate are likely to play some role in allowing the primary Cu 6 Sn 5 intermetallic in the Sn-0.7 wt.%Cu-0.05 wt.%Ni/Cu joint to form earlier compared with the Sn-0.7 wt.%Cu/Cu joint (Fig. 1) .
Finally, it is natural to consider whether Ni introduces nucleation sites for Cu 6 Sn 5 to the melt, but we found no evidence for any additional phases and it seems that grain refinement of primary Cu 6 Sn 5 is mostly due to the effect of Ni on the SnCu-Ni phase diagram.
CONCLUSIONS
The entire soldering process of solder pastes on Cu substrates was directly observed using a real-time synchrotron imaging technique to investigate the formation and growth of primary Cu 6 Sn 5 intermetallic in the solder matrix of Sn-0.7 wt.%Cu/Cu and Sn-0.7 wt.%Cu-0.05 wt.%Ni/Cu solder joints. With a 0.05 wt.% Ni addition to Sn-0.7 wt.%Cu, the nucleation and growth of the primary Cu 6 Sn 5 intermetallic were significantly altered. Primary Cu 6 Sn 5 formed at higher temperature and were significantly smaller and more numerous in Sn-0.7 wt.%Cu-0.05 wt.%Ni/Cu joints than in Sn-0.7 wt.%Cu/Cu joints. The morphologies of primary Cu 6 Sn 5 intermetallic are observed to be large and rod shaped in Sn-0.7 wt.%Cu solder paste, while smaller Cu 6 Sn 5 particles were observed in Sn-0.7 wt.%Cu-0.05 wt.%Ni solder paste.
